As part of the Estuarine Cohesive Sediments (EsCoSed) project, a field experiment was performed in a highly engineered environment, acting as a natural laboratory, to study the physico-chemical properties of estuarine sediments and the associated hydro-morphodynamics during different seasons. The present contribution focuses on the results obtained from the summertime monitoring of the most downstream part of the Misa River (Senigallia, Italy). The measured hydrodynamics suggested a strong interaction between river current, wave forcing and tidal motion; flow velocities, affected by wind waves traveling upstream, changed significantly along the water column in both direction and magnitude. Surficial salinities in the estuary were low in the upper reaches of the estuary and exceeded 10 psu before the river mouth. Montmorillonite dominated the clay mineral assemblage, suggesting that large, low density flocs with high settling velocities (>1 mm s À1 ) may dominate the suspended aggregate materials.
INTRODUCTION
In an estuarine environment, many physical processes act simultaneously. The global dynamics governing the estuarine system are complex and need significant investigation to clarify all the fundamental variables involved. An important area of research pertains to sediment characterization, the sediment material found in estuaries being, typically, referred to as mud, a mixture of small particles (<64 μm) characterized by cohesion. It has also been observed that the majority of the suspended material in an estuarine environment is in the form of flocs (Manning et al. ) , i.e., aggregations of clay minerals, colloids and organic molecules, which collide as a consequence of turbulent shear, differential settling, and Brownian motion. Such issues are studied in depth by pursuing either site-specific field studies (e.g., Sheremet et al. ) or theoretical and numerical analysis (e.g., Dalrymple & Liu ; Hsu et al. ) .
The processes that drive estuarine morphological response span a wide range of temporal and spatial scales.
Consequently, it is necessary to analyze the environment across all relevant scales simultaneously. The main goal of the Estuarine Cohesive Sediments (EsCoSed) project, a collaborative Naval International Cooperative Opportunities in Science and Technology Program (NICOP) between the Università Politecnica delle Marche (Italy), the Naval Research Laboratory (USA) and the Office of Naval Research (ONR) Global (UK), is to analyze, in the field, the main aspects driving cohesive sediment suspension/ deposition in a controlled muddy estuarine/riverine/nearshore environment, while quantifying the physico-chemical and geotechnical properties of the in situ collected flocs. This is pursed by means of a number of analyses of different datasets collected during two different field campaigns carried out in the most downstream part of the Misa River (MR hereafter), which extends, for about 48 km, from the Appennine mountains to the Adriatic Sea, where it meets the sea at Senigallia. The average annual sediment discharge is 0.84 Tg yr À1 of which 0.47 Tg yr À1 is suspended load (Frignani et al. ) .
Here, we focus on the dataset (flow velocity, surficial salinity and soil mineralogy) collected during and on the bathymetries surveyed before the summertime experiment of September 2013. The coupling of all these data enabled us to give an overall interpretation of the hydromorphodynamics induced by the interplay between currents and wave forcing at the estuary.
METHODS

The EsCoSed Project
An estuary in a microtidal environment was chosen as it represents both a natural site and a field-scale laboratory since the location is highly engineered. The zone around the MR estuary, within the town of Senigallia (Italy), was chosen for this purpose, the final part of the river being channeled by cement walls (see Figure 1 (a)). The location of the estuary was defined as the middle of the line connecting the two pier edges.
Equipment and collected data
Before the beginning of the summertime field experiment, a bathymetric survey was conducted using a multi-beam technique. The survey area covered the final stretch of the MR and the nearshore region from the harbor mouth to south of the river mouth. Flow velocity and sediment morphological data were collected using two metal quadpods (Figure 1(b) ) equipped with instrumentation. As shown in Figure 1 (c), one quadpod was placed alternatively in two different sites of the river (QR1, at a still water depth d ≅ 1.6 m and QR2, at d ≅ 2.0 m), and the other was placed in the sea in front of the estuary (QS, at d ≅ 3.5 m). The two river sites were located about 380 m (QR1) and 200 m (QR2) upstream of the estuary. Figure 1(b) shows the quadpod placed in the river equipped with a pencil-beam sonar (right), a pressure transducer (middle) and an acoustic Doppler current profiler (ADCP) (left). Then, Lagrangian drifters were used to measure the surface flow, and a salinity meter and a hydrolab for the salinity. Sediments at the bed level were collected with a Multi-Use Coring Kit, whose head has a spring-loaded valve, which is held open during the deployment and shut and sealed once the core tube penetrates the sediment. Further details are given in Brocchini et al. () .
RESULTS
Climate and hydrodynamics
Some of the available data have been used to characterize the climate in terms of tide and storm surge elevation (measurements) and wind-wave conditions (model predictions). Other data collected in situ include the ADCPs (three-dimensional velocity) mounted on the quadpods placed in both the sea (QS) and the river (QR1 and QR2), and the Lagrangian surface drifters (surface flow).
The tidal excursion, as well as both the atmospheric pressure and the storm surge elevation, recorded inside the Ancona harbor (Figure 2(a) ), which is located 30 km to the south, accurately predicts these sea states for the MR estuary. The wind and wave climate offshore of the MR estuary has been predicted using coupled and uncoupled numerical models. The modeled wave and current fields come from an operational implementation in the northern Adriatic basin of the Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST; Warner et al. ) system. This is based on the Regional Ocean Modeling System (ROMS) and Simulating WAves Nearshore The main characteristics of the wind, waves and currents are predicted about 1 km offshore of QS (i.e., at 13.23 W E, 43.73 W N). The wind velocity (Figure 2(b) ), estimated at 10 m over the still water level, reached a maximum (≈15 m s À1 ) on 17 September. On the same day, directions of both wind and incoming waves (Figure 2(c) ) slowly changed from SSW at 00:00 UTC to N at 14:00 UTC, to SSE at 23:00 UTC, resulting in large waves (H s ¼ 1.1 m, Figure 2 (d)) and currents (V curr ¼ 0.3 m s À1 , Figure 2 (e)). The dashed rectangles show the periods during which drifters were used. Results from drifter launches carried out on 17 and 18 September are illustrated in Table 1 . For drifters launched on the morning of the 17th, the observed downstream motion was in good agreement with the wind (SW to NE) with the increasing tide likely playing a minor role.
More difficult was the analysis of the drifter motion on the 18th. For the first two cases (paths 4 and 5), drifters first moved upstream; however, subsequent drifter launches changed direction and moved downstream (paths 6-8 and 13-14). In the early afternoon the tide was decreasing, favoring an overall downstream motion of the drifters. However, at the beginning of the ebb tide both wind and waves (ENE to WSW) overcame the tidal motion to push the drifters upstream (paths 4 and 5). In the middle of the ebb tide, the tide dominated, leading to the observed downstream motion (paths 6-8 and 13-14), wind and waves being westward (θ ≅ 90 W ) during launches 13-14.
The drifters followed a NW direction when launched in the sea (paths 9-12). The motion may be explained by the combined action of waves (propagating westward) and the seaward flowing river current. The mean speed was 0.18 ± 0.12 m s À1 for downstream-directed, and 0.13 ± 0.10 m s À1 for upstream-directed drifters. When moving in the sea, the drifters were much faster, the mean speed being 0.29 ± 0.14 m s À1 . An ADCP was mounted on the quadpod used in the river (locations QR1 and QR2), as well as the one placed offshore (QS). The currents have been investigated during the time interval when the surface drifters were deployed. The magnitude of the flow velocity at QR1, QR2 and QS (Figure 3(a)-3(d) ) was larger at the bottom with strong deep currents of about 0.2 m s À1 occurring in the sea. During the first period (Figure 3 (a) and 3(b)) relatively strong river currents developed at the bottom with magnitudes between 0.2 and 0.3 m s À1 . However, near the surface the incoming waves entering the river affected the flow, generating maximum upstream velocities of about 0.05 m s À1 at the most upstream pod location. During the second period (Figure 3 (c) and 3(d)) the waves entering the river mouth were less intense with currents at the bottom ranging between 0.1 m s À1 at QR2 and 0.25 m s À1 at QS and QR1, while the surface-current magnitude ranged between 0.05 m s À1 at QR2 and 0.1 m s À1 at QS. In most of the cases the river flow was upstream directed, with stronger velocity gradients along the vertical on 17 September. Brocchini et al. ) , showed that significant depths, larger than 5 m, were found close to the harbor entrance, in May covering an area smaller than in September. Inside the river the bathymetry varied between 0 and 3 m, in September showing depths smaller than 2 m. Between May 2012 and May 2013 considerable bed changes occurred, the largest occurring near and outside the river mouth (deposition exceeding 0.5 m) and in the downstream riverine area (erosion exceeding 0.5 m) whereas the upstream region was characterized by reduced changes (mainly ±0.25 m). The bed variation between May and September 2013 mainly occurred close to the harbor entrance (erosion exceeding 0.5 m) and in the riverine area (deposition exceeding 0.5 m) at distances from the estuary greater than 120 m (see Figure 3 (e), where erosion/ deposition is given in black and white). We argue that such changes were induced by severe summertime events (e.g., a sea storm occurred between 16 and 17 May 2013).
The analyzed morphology suggests that a large deposition occurred in the most upstream surveyed part of the river, especially between May and September 2013. An explanation for this process comes from the analysis of both hydrodynamics and salinity data. The water salinity in the MR was measured up to about 2 km upstream of the estuary, and measured points have been labelled as S1-S6 (Figure 1(c) ). In summer, the influence of the waves entering the estuary has an impact up to several kilometers upstream of the estuary, given the low-water level of the river. Such an influence is substantial in the final 600-800 m of the MR, where the salinity S > 10 psu (S1-S3), while upstream it varies between 6.4 psu (at S5, 1,410 m upstream) and 0.8 psu (at S6, 1,848 m upstream). From such an analysis and following the classical literature (e.g., Blanton et al. ) , we posit that the final part of the river acts as a 'deposition zone' (from the mouth to ∼0.7 km from the river mouth), and the upstream part as a 'flocculation zone' (from ∼0.7 to 2.0 km upstream from the river mouth).
The surveyed bathymetries and the salinity data also give indication on the long-term evolution of the MR estuary, and even better insights into the morphodynamics of the MR are given by the characterization of the sediment mineralogy. The clay minerals have been analyzed from samples collected at different locations along the final part of the river, between QR2 and the railway bridge. All the samples were divided into five sub-samples, each representing a specific depth under the bed: 0-1 cm, 1-2 cm, 2-3 cm, 3-4 cm, 4-5 cm. The sub-samples were treated in two ways: (i) mechanical sieving using a mesh size D ¼ 90 μm and (ii) sedimentation analysis to isolate clay particles (size D < 2 μm).
X-ray diffraction (e.g., Johns et al. ) was conducted to determine the mineralogy. All the sample material passed at 90 μm except for some large particulate organics that appeared to be wood debris. The dominant minerals in this size fraction are quartz and calcite. The X-ray diffraction analysis on sediments with D < 2 μm provided details about the clay mineralogy. In these samples, montmorillonite and illite were the dominant minerals; the former accounts for 65-80% and the latter accounts for 14-23% of the total clay mineral assemblage. Overall, the clay size fraction was determined to range 2-4% of each 1-cm thick sample interval. The clay content increased with depth in the sample collected at S2, whereas that collected at S3 had a larger clay content in the upper 2 cm than at depth.
The ratio of clay minerals common in the nearshore environments is critical to predict flocculation dynamics and floc stability in estuarine environments. Here montmorillonite, which is an expandable double-layer clay with a high cation exchange capacity, was the most common mineral in the clay fraction of MR sediments analyzed (average 75%), while illite and kaolinite were present in lower concentrations (average 20% and 4%, respectively).
DISCUSSION AND CONCLUSIONS
The results presented above give an overview of both the physico-chemical characteristics and the hydromorphodynamics in the vicinity of the MR estuary. Over the examined period (end of September 2013) the hydrodynamics in the final part of the MR were most strongly influenced by river current, wave forcing, and tidal motion. The waves entered the river mouth and interacted with the river current, especially at the location QR2, while the tidal motion interacted with the river current and generated an upstream-directed flow, which was clearly visible at both locations QR1 and QR2 during flood tide. The tidal motion affected the hydrodynamic flows in the downstream location, whereas waves that propagated farther upstream affected flows more significantly in the upstream regions of the river. The same effect was observed in the analyzed drifter paths. Hence, a complex interplay between the downstream-directed river current, the upstream wave forcing, and the tidal oscillations significantly impacted the MR estuarine hydro-morphodynamics.
The wave climate predicted offshore of the estuary was characterized by variations in the wind-wave directions during each analyzed day. Large waves (H s > 1 m) occurred on 17 September, smaller waves occurred on 18 September (H s < 50 cm), with wind and waves westward directed, consistent with the measured drifter paths in front of the MR mouth, which are NW directed.
As suggested by both salinity data and bathymetric surveys, the majority of the flocculation occurs between about 0.60-0.80 km and 2 km upstream of the river mouth, with floc deposition occurring downstream of the flocculation zone to the mouth of the river. In fact, in the above-mentioned region the salinity varied between 0 and 10 psu, this being considered the typical range for flocculation due to electrochemical processes (Blanton et al. ) . Settling of flocs seemed to be one of the important causes of the intense deposition observed over the most downstream reach of the estuary (Figure 3(e) ). To substantiate the influence on morphodynamics, it was determined that the MR bed elevation increased more than 50% in the area between QR1 and the railway bridge in the 16 months prior to the experiment. About 300 m upstream of the river mouth, the presence of a bend could explain the bed evolution occurring in such an area where incoming waves and river current converge at the apex point. The river geometry here impedes the flow, enhancing sediment deposition upstream of the bend.
The discharge was estimated to be between 8.3 and 8.4 m 3 s À1 . The increasing width (þ10 m) and increasing depth (þ0.5 m) of the channel around the bend about 300 m upstream of the river mouth results in a decrease in the flow velocity. Consequently, the estimated reduction in the mean velocity (0.23-0.14 m s À1 ) is more conducive to deposition. The clay content in the collected samples increased with depth close to QR1, while it was independent of the sediment depth around the bridge (about 600 m upstream of the estuary), due to fluid turbulence generated at the bridge piers that influenced the sediment transport and deposition. As montmorillonite dominates this assemblage within the estuary, the stable flocs that form are relatively large and characterized by a low density and large settling velocities (>1 mm s À1 ). Consequently, such flocs settle rapidly, deposit on the river bed and are retained within the upper reaches of the estuary where river water begins to become brackish during this low-flow river state with minimal bottom shear stresses.
Analysis is ongoing to improve understanding of the phenomena discussed above using numerical models. In addition, the observations are being used to extend available hydro-morphodynamic models (e.g., Postacchini et al. ) to include cohesive sediment dynamics.
